Degradation of tryptophan to indole, pyruvate, and ammonia by tryptophanase (EC 4 ....) from Escherichia coli, previously thought to be an irreversible reaction, is readily reversible at high concentrations of pyruvate and ammonia. Tryptophan and certain of its analogues, e.g., 5-hydroxytryptophan, can be synthesized by this reaction from pyruvate, ammonia, and indole or an appropriate derivative at maximum velocities approaching those of the degradative reactions. Concentrations of ammonia required for the synthetic reactions produce specific changes in the spectrum of tryptophanase that differ from those produced by K+ and indicate that ammonia interacts with bound pyridoxal 5'-phosphate to form an imine. Kinetic results indicate that pyruvate is the second substrate bound, hence indole must be the third. These results favor a modified mechanism for the multitude of tryptophanase-catalyzed reactions in which a-aminoacrylate, which functions as a common enzymebound intermediate in both synthetic and degradative reactions, is not released into the medium during the latter reactions, but is degraded to pyruvate and ammonia by sequential reversible steps via enzyme-bound intermediates.
Tryptophanase (E.C.4 .... )* was originally shown to catalyze reaction 1 by Wood et al. (1) . Although in subsequent studies it was generally considered to catalyze only the degradation of tryptophan and certain of its analogues, more recent investigations with the pure enzyme (2, 3) showed that at higher substrate concentrations, tryptophanase catalyzes many other a,,B-elimination reactions, shown in Eq. 2, as well as numerous (3- (4) .
Subsequent to these investigations, Yamada et al. (5) (6) (7) showed that 0-tyrosinase from Escherichia intermedia catalyzes reaction 4 but not reaction 1, and is similar in many respects to tryptophanase.
Tyrosine + H20 Phenol + Pyruvate + NH3 (4) It, too, catalyzes degradation of serine, cysteine, etc. according to reaction 2, and synthesizes tyrosine from these same amino acids in the presence of phenol (R'H in Eq. 3), apparently by a reaction mechanism closely analogous to that of tryptophanase. However, #-tyrosinase also synthesizes tyrosine from phenol in the presence of high concentrations of pyruvate and ammonia (8) phate (pyridoxal-P) and applied to a DEAE-cellulose column equilibrated with the same buffer. Tryptophanase was not absorbed to the column under these conditions, but minor components that are removed only with difficulty by subsequent crystallization are absorbed. Active fractions from the column were combined. After repeated precipitation of tryptophanase by 66% saturation with ammonium sulfate in the presence of 10 mM D-penicillamine, apotryptophanase was crystallized according to the published method (3). 4-5 Recrystallizations were necessary to reach constant specific activity.
Assay of Tryptophanase. The enzyme was assayed routinely in 0.4-ml volumes by measuring the indole formed from tryptophan in reaction 1 by the Ehrlich reaction, as described (10) .
Biosynthesis of Tryptophan. Enzymatic synthesis of tryptophan was followed at 370 in 0.5-ml reaction mixtures typically containing, at pH 8. ,umol/0.5 ml), the amino acid was determined by Udenfriend's procedure (11) . During most of the rate studies reported here, low concentrations (2-20 nmol/0.5 ml) of tryptophan were formed. A procedure for determination of small amounts of tryptophan on a microscale was devised. Excess free indole was removed from the mixture by extraction three times with 1.5 ml of toluene; 0.3 ml of the aqueous residue was then removed, neutralized with 0.1 ml of 2.5%
HCl, and overlaid with a little toluene. Excess tryptophanase (1 IU, about 40,g of pure enzyme) was then added to decompose tryptophan in the mixture quantitatively to indole.
After 15 min at 370, indole was estimated as in the direct assay for tryptophanase (see preceding section), but with use of the expanded scale of the Gilford Spectrophotometer. A standard curve ( Fig. 1) shows satisfactory recovery of tryptophan added to reaction mixtures.
Other Procedures. Analyses for amino acids and pyridoxamine or its derivatives were made on an automatic aminoacid analyzer (Beckman model 120C) equipped with an expanded scale. Absorption spectra were recorded on the Cary model 14 spectrophotometer. tryptophan. Maximum extrapolated velocities of tryptophan synthesis corresponding to velocities at "infinite concentration" of one substrate, were determined at several fixed concentrations of the two other substrates, from plots such as those of Fig. 3 . These maximum velocities (v, in nmol per 5 min) are plotted here (as reciprocals) against the reciprocals of the fixed concentrations of the other two substrates used in their determination (see ref.
12 for theory). Procedures were similar to those described in Fig. 3 ; each reaction mixture contained 96.5 ng of tryptophanase and was incubated 5 min.
Kinetics of tryptophan synthesis from indole, pyruvate, and ammonia a. Relation to Substrate Concentration and pH. The velocity of tryptophan synthesis as a function of concentration of indole, pyruvate, and ammonium chloride is shown in Fig. 3 . Michaelis-Menten kinetics are observed with pyruvate and ammonia, but indole shows strong substrate inhibition at high cQncentrations (Fig. 3A) . The apparent Km values for indole, pyruvate, and ammonia calculated from Fig. 3 are 0.0085, 55, and 125 mM, respectively; by use of three substrate kinetics (see Fig. 4 (indicated by the arrows to the abscissa in Fig. 6 ). Although differences in the distribution of species that absorb at 337 and at 405-415 nm are evident at concentrations below 50 mM, the sum of the absorbances remains constant in the presence of each cation, and neither cation inhibits the degradative tryptophanase reaction at these concentrations. At concentrations of 50 mM and higher the effects of KCl and NH4Cl are different; ammonia elicits a much greater increase than K+ in absorbance in the 405-to 420-nm range, so that the sum of the absorbances at 337 and 415 nm increases. At these high concentrations, NH4+ (but not K+) also inhibits degradation of tryptophan by reaction 1. Complete spectra (not reproduced) show that in 1.0 M KCl, the long wavelength absorption maximum is centered at 410 nm; with 1 M NH4Cl this peak is considerably intensified and is shifted to 420 nm. The extent of the change at 420 nm is shown in Fig. 7 . At pH 8.5, the holoenzyme shows relatively high absorbance at 337 nm and very little absorbance at 420 nm; the converse is true in the presence of excess NH4Cl (compare curves 1 and 2, Fig. 7 ). Free pyridoxal-P also shows a red shift on addition -of NH4Cl (curves 3 and 4, Fig. 7) 
NH3
Pyruvote CH2 = C-COO-NH2 DISCUSSION Previous mechanistic studies of tryptophanase-catalyzed reactions (4, 15) are compatible with either of the two abbreviated mechanisms shown in Fig. 8 for the reversible catalysis of reaction 1. Those studies showed that all amino-acid substrates of tryptophanase gave rise, by elimination of an a-proton and a-elimination of an R group, to a common intermediate, which was visualized as an enzyme-bound a-aminoacrylate (IV in Fig. 8 ). This intermediate could either add indole to form tryptophan (IV-*.V-*I in Fig. 8) or decompose to pyruvate and ammonia, a process visualized as proceeding by transimination within intermediate IV to yield free a-aminoacrylate (VI), which then added water with elimination of ammonia to yield pyruvate (Fig. 8) . There has been no experimental evidence that favors this route over an equally plausible, but longer, route that involves addition of water to IV to yield III, with formation of pyruvate and ammonia then occurring as a result of transimination within intermediate III or II (Fig. 8) . Spectral changes induced in holotryptophanase at high concentrations of ammonia now demonstrate that formation of a complex of unknown structure, but probably closely related to II in Fig. 8 , does occur between NH3 and enzyme-bound pyridoxal-P at concentrations of ammonia similar to those required for tryptophan synthesis. These results, together with the kinetic results that show that pyruvate is the second substrate to combine with enzyme during the synthetic reaction, strongly favor the sequence I I VV (Fig. 8) as the catalytic cycle occurring during synthesis of tryptophan, and hence the reverse of this sequence would appear most likely for degradative reactions catalyzed by tryptophanase. The evidence is not yet sufficient, however, to exclude the possibility that free a-aminoacrylate (VI) or its tautomer, a-iminopropionate, may also contribute to the degradative or synthetic reactions; the exact structures of the intermediates shown in Fig. 8 are still unknown. Studies of these and other aspects of this reaction are still in progress.
Synthesis of isotopically labeled or unlabeled tryptophan, 5-hydroxytryptophan, and other related amino acids on a preparative scale by reactions described here should be readily possible.
